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Abstract. Dark-field imaging has been demonstrated to provide complementary information
about the unresolved microstructure of the investigated sample. The usual implementation of
a grating interferometer, which can provide access to the dark-field signal, consists of linear
gratings limiting the sensitivity to only one direction (perpendicular to the grating lines).
Recently, a novel grating design, composed of circular unit cells, was proposed allowing 2D-
omnidirectional dark-field sensitivity in a single shot. In this work we present a further
optimisation of the proposed grating by changing the arrangement of the unit cells from a
Cartesian to a hexagonal grid. We experimentally compare the two designs and demonstrate
that the latter has an improved performance.
1. Introduction
Grating interferometry (GI) is a phase and scattering sensitive method capable of providing
complementary information to standard absorption imaging of a sample [1, 2, 3]. A number
of different possible applications have been unlocked by these capabilities, covering both the
industrial [4] and medical fields [5, 6]. The main strength of scattering or so called dark-field
imaging is that it can reveal information about the unresolved microstructure of the investigated
sample [7, 8, 9, 10, 11]. The usual realisation of a grating interferometer is based on linear
gratings. Such a design allows differential phase and dark-field sensitivity in only the direction
perpendicular to the grating lines. In the case of samples with highly anisotropic scattering
properties, a strong correlation of the retrieved dark-field signal and the relative orientation of
the grating lines and the sample can be observed [12]. In order to achieve a more complete
understanding of the unresolved microstructure multiple measurements by rotating the sample
or the interferometer are necessary [13]. Recently, a method based on a single phase grating,
capable of being sensitive to scattering in all the directions of the imaging plane has been
proposed [14]. This was achieved by utilising a phase grating that is composed by a mosaic
repetition of circular gratings. We will call this kind of design as square packing of circular unit
cells. The circular design of the unit cells allows 2D-omnidirectional sensitivity, by repeating the
unit cells the omnidirectional sensitivity can be obtained over the full field of view (FOV). The
omnidirectional images that are obtained have a pixel matrix defined by the mosaic repetition
of the unit cells. A square packing of the unit cells is undoubtedly the most straightforward
implementation of such a grating design since the layout of the unit cells defines the pixel matrix.
However, such an implementation comes with a number of limitations. A square packing of
circles on a plane does not have an optimum fill factor since dead space is created in the corners
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of the cells. Moreover, each unit cell will interfere with its neighbouring, therefore it is favourable
that the layout has as many axes of symmetry as possible in order to increase the uniformity of
the resulting interference pattern. A hexagonal packing of the unit cells has a higher fill factor
and more axes of symmetry than square packing. In this work, we fabricate such a grating and
perform experimental comparison to demonstrate the improved performance of the design.
(b)
(c)
Figure 1. (a) Schematic of the used setup. (b) SEM image of the square packed grating (SPG).
(c) SEM image of the hexagonally packed grating. The scale bar both in (b) and (c) is 10 µm
2. Materials and methods
The method in use has been fully documented and developed in [14]. The key points of [14] are
repeated here for clarity. A general schematic representation of the setup is shown in figure 1 (a).
The proposed grating design exploits its local circular symmetry in order to achieve a sensitivity
in all the directions of the imaging plane. In more detail, the interference fringe is recorded with
sufficient resolution and then analysed. The phase grating is designed to introduce a phase shift
of pi/2 for the X-ray wavelength λ. For a grating period g1 the intensity interference pattern
can be observed at the following distances from the grating
Dn = n
g21
2λ
, n = 1, 3, ... (1)
In order to observe the interference pattern at these distances sufficient coherence is required.
There is a direct connection between beam coherence and fringe visibility of the interference
pattern. When a scattering sample is introduced the angular distribution of the beam will be
broadened which in turn will cause a reduction in the visibility of the pattern. By checking the
visibility reduction at every angle of each circular pattern directional dark-field images can be
produced.
The experimental procedure consists of recording two images, one with only the grating in
the beam (flat), and one with the grating and the sample (sample). The analysis of the recorded
images can be broken down into the following steps. Initially, the generated interference fringe
is recorded. A unit cell finding algorithm is then used to detect and crop out each cell. The
detection criterion is based on the maximum intensity that is observed in the centre of the cell due
to the circular symmetry [15]. The next step consists of transforming each unit cell from cartesian
to polar coordinates, symmetry criteria can be used to yield a more accurate interpolation than
a direct conversion of coordinates. Finally, the visibility reduction is calculated for each angle.
The square packing (SPG) of the circular unit cells has a fill factor of pi4 ≈ 0.785. If the
unit cells are arranged in a honeycomb manner (hexagonal packing) (HPG) the packing ratio
increases to pi
2
√
3
≈ 0.906 leading to a higher unit cell density in the final image. This will result
in a higher photon utilisation for dark field imaging.
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To evaluate the performance of the proposed hexagonal packing in comparison to the
previously used square packing we fabricated gratings with the two different designs. The two
designs have an identical period g1 and each unit cell contains the same number of periods. Both
gratings are fabricated on the same Si chip, allowing easy processing but also a straightforward
change of grating during the experiment. Scanning electron microscopy images (SEM) of the
fabricated gratings can be seen in figures 1 (b) and (c).
3. Results
Two types of experiments were performed to compare the two grating designs. The first one was
a straightforward comparison of the angular visibility of the flat images. The second comparison
focused on the angular sensitivity that each grating can achieve for a known scattering sample.
The sample was composed of 0.6 µm wide Au lines in Si that were repeated with a period of
1.3 µm. The Au lines are expected to scatter in the direction perpendicular to them. The sample
was rotated covering the angles for 0o to 180o with a step size of 1o. By using a model proposed
in [12] the direction of the lines and consecutively the scattering direction was estimated. We call
this the most prominent scattering direction (MPSD). The standard deviation of the distribution
of angles over the FOV was used as an accuracy merit of the estimation.
The experiments were performed at the TOMCAT beamline [16], of the Swiss Light Source,
Switzerland. The selected energy was 25 keV to minimise the absorption of the Au lines. The
gratings were fabricated in-house with the following parameters: period 5µm, 25µm unit to
unit distance and 17µm depth. A 20 µm thick LuAG:Ce scintillator coupled with a 10 fold
objective was placed 25 cm from the phase grating. The magnified visible light image was then
recorded by a pco.edge 4.2 CMOS camera. The effective pixel size was 0.65 µm which allowed
the recording of the 5 µm period fringes.
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Figure 2. (a) Visibility curves for HPG and SPG. (b) MPSD distributions for SPG and HPG.
The calculated visibilities for each grating design are shown in figure 2 (a). Both visibilities
depend on the angle, and two reasons contribute to this modulation. First, the photon source
is not symmetric and therefore it is expected to have different visibilities in x and y directions.
Secondly and most importantly the configuration of the unit cells play a vital role in the angular
visibility. In the case of SPG (red line) we expect maxima at 0o, and 90o and minima at 45o
and 135o which are observed in our experimental measurements. Analogously, for the HPG
we expect maxima at 0o, 60o, and 120o and minima at 30o, 90o, and 150o. In figure 2 (b) we
compare the estimated most prominent scattering direction (MPSD ) again for both designs.
It should be noted that the curves are shifted by 90o in order to make the comparison easier.
The width of the bands follows the visibility curves, on average the HPG delivered 25% higher
angular sensitivity compared to the SPG. To close, we show an imaging example of a trabecular
bone sample embedded in PMMA. In figure 3 (b) and (c) we can see the estimated scattering
angle for the SPG and HPG respectively. The noise is reduced in the case of the HPG. For
completeness the transmission image is shown in figure 3 (a).
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Figure 3. (a) Transmission and maximum scattering angles for SPG (b) and HPG (c) of
trabecular bone sample.
4. Conclusion
Two gratings designs for 2D-omnidirectional dark-field imaging were compared. The hexagonally
packed grating (HPG) had an improved visibility compared to the square packed one.
Additionally, the angular sensitivity was improved by 25% by switching to the HPG. This
change in the design of the grating can boost the performance of the method and increase its
applicability in more demanding applications.
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